Although isolated cat papillary muscles have proved useful in a variety of physiologic and pharmacologic studies, the energy integrity of this preparation has been questioned. Accordingly, papillary muscles (avg diam =1.3 mm) were either placed in oxygenated Krebs solution for 1 hour at 26°C at rest or were made to contract at various frequencies and temperatures and for various durations. In addition, samples of right ventricular muscle were obtained from living cats. Specimens were frozen in liquid nitrogen-cooled isopentane for determination of ATP and creatine phosphate (CP). In vivo CP + ATP of right ventricular muscle was 12.9 ± 0.8 /imoles/g. In papillary muscles at rest, CP + ATP was 16.7 ±0.6 /j,moles/g, significantly higher than right ventricular muscle in vivo (P < .01). In vitro at 12 contractions/minute, CP + ATP was 16.0 ± 1.0 /^moles/g, not different from resting papillary muscles but higher than in vivo stores in right ventricular muscle. At 30 or 60 contractions/minute, CP + ATP was reduced to 13.7 ±1.1 and 11.1 ±0.7 yamole/g. Neither increasing the in vitro temperature from 26° to 37°C, nor extending the duration of stimulation from 1 to 3 hours at 12/minute significantly altered CP + ATP. It is concluded that the energy stores in papillary muscles, even of moderately large diameter, are intact for at least 3 hours while contracting at frequencies of 12/minute at 26°C. Further, energy stores of papillary muscle are even greater than those found in right ventricular muscle in vivo. While muscle is contracting at 30 or 60/minute, its energy stores may be slightly limited.
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• The isolated cat papillary muscle has provided an extremely useful preparation for physiologic and pharmacologic studies on mammalian myocardium. However, the energy integrity of this preparation has been questioned by some investigators. Since papillary muscles of various sizes have been used in studies conducted at a variety of temperatures and frequencies of contraction, and since current understanding of myocardial function and pharmacology is based to a significant extent on investigations carried out in this preparation, we considered it critical to define the adequacy of its energy supply more clearly. Central to this controversy is the question of whether energy supplies in the papillary muscle, in vitro, are sufficient to meet energy requirements. Adenosine triphosphate (ATP), which is in equilibrium with creatine phosphate (CP), is recognized as the immediate source of energy for muscle contraction (1) , and the level of the combined stores of CP and ATP (CP + ATP) provides a sensitive indication of the balance between energy supCiraOaSton Reiurcb, Vol. XXII, February 1968
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ply and demand. However, until relatively recently, accurate estimates of high energy phosphates have been difficult to achieve because of the marked lability of these compounds. The importance of using extremely rapid freezing techniques was first demonstrated by Wollenberger and his associates in 1958 (2) . Subsequent modifications of this technique and improved analytic methods have made possible accurate determination of high energy phosphate stores in cardiac muscle (3) (4) (5) .
It was the aim of this investigation to determine whether energy stores in isolated papillary muscles of cats were adequate under commonly used conditions of study. Accordingly, the present study was designed to evaluate the high energy phosphate stores in the isolated papillary muscle at various frequencies of contraction, temperatures, and durations of isolation, and to compare these stores to the high energy phosphate stores in the intact right ventricular muscle.
Methods
Right ventricular papillary muscles were obtained from adult mongrel cats (2-4 kg), anesthetized by the intraperitoneal injection of pentobarbital (25 mg/kg). The muscles were placed in a myograph previously described in detail (6) . The bathing medium for all muscles was a modified Krebs solution actively aerated with 95% O 2 and 5% CO 2 . The muscles were stimulated 1 directly via platinum wires on the inner surfaces of tine attachment clip, using squarewave pulses of 3 msec duration with a voltage approximately 102 above threshold. All muscles were initially stimulated to contract isometrically at a frequency of 12/minute for 30 minutes at a resting tension less than 0.1 g, and at that temperature appropriate to the group in which each was included. The length-active tension curve was determined for each muscle and the muscle was maintained at the apex of the length-active tension curve. Muscle diameter was calculated from the measured length of the muscle at the apex of the length-active tension curve. The muscles were then stimulated in one of the six ways shown in Table 1 . There were no significant differences in average muscle diameter or of average total creatine concentration among the six groups of muscles.
At the conclusion of each experiment the papillary muscle was rapidly frozen by quickly removing the muscle bath and replacing it with a beaker of 2-methyl-butane (isopentane) previously cooled in liquid nitrogen to -150 to -160°C. This procedure freezes the muscle without further contraction.
To compare the high energy phosphate stores existing in the papillary muscles studied in vitro with those in the heart in vivo, twelve additional normal cats were anesthetized, and a thoracotomy was performed under positive pressure ventilation with 1002 O 2 . Then, while optimal ventilation and oxygenation were carefully maintained, transmyocardial biopsies of the right ventricle were rapidly performed with a rongeur as previously described (7), and the samples of muscle were plunged into isopentane (-160°C). The time between removal of the muscle and freezing was less than 0.5 seconds.
The frozen papillary muscles and the right ventricular samples were stored in liquid nitrogen. At the time of analysis, each muscle was reduced to powder with a stainless steel pestle in a small stainless steel test tube held in an aluminum block at a temperature below -50°C (5). The same tube was then transferred to another aluminum block at 0°C and 0.4 ml of 0.3 M perchloric acid was added with continued grinding. The mixture was allowed to thaw for 10 minutes at 0°C. In the same tube, the mixture was centrifuged (0°C) at 25,000 X g for 10 minutes. The supernatant fraction was removed, diluted with 3 volumes of distilled water, and maintained at 0°C for determination of CP, inorganic phosphate (P,, ATP, and creatine.
Total creatine was determined by the alphanapthol-diacetyl method (8, 9) after liberation from CP by a 9-minute acid hydrolysis at 65°C in the presence of 0.13 N HCI. CP and Pi concentrations were determined by the Furchgott and De Gubareff (3) modification of the Fiske and SubbaRow (10) technique. A 60-minute reading foHowing acid hydrolysis of CP represented the total of P, plus CP. ATP was assayed by a modification of the firefly luminescence technique of Strehler and McEIroy (11) using firefly lantern extract. 2 Duplicate determinations of peak luminescence were made on a photomultiplier microphotometer, 3 following the addition of 0.1 ml extract to 0.1 ml distilled water and 1.0 ml dilute (5 mg/ml) firefly lantern extract.
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tissues in the frozen state, sample weights were calculated from the creatine content of the excised sample following the determination of creatine concentrations in two separately obtained samples of the right ventricle. The validity of this metfiod has been described previously (6) . Concentrations are expressed in yuxnoles/g wet weight of tissue.
Results
Effect of Contraction Frequency.-At 26°C the resting papillary muscles and those contracting at a frequency of 12/minute had a significantly higher (P<.02) average concentration of CP + ATP than the specimens of right ventricle excised in vivo ( Table 1) .
The muscles contracting at 30/minute had a concentration similar to that in vivo, and the group contracting at 60/minute had a slightly but not significantly lower concentration. There was a significant depression of the CP and ATP in the muscles stimulated to contract at frequencies of 30 and 60/minute (P<.01) when compared to resting muscles.
In the resting muscles and those contracting at 12/minute, the average concentration of ATP was similar to that of the specimens of right ventricle; the muscles contracting at 30 and 60/minute had lower concentrations (P <.01). Significant depressions (P<.01) of average ATP concentration were observed in the muscles contracting at frequencies of 30 and 60/minute when compared to the resting muscles or those contracting at 12/minute. The average concentrations of CP were significantly higher in the resting muscles (P < .01), and in those contracting at 12/minute (P<.02) and 30/minute (P<.02) when compared to the specimens of right ventricle, while the muscles contracting at 60/ minute exhibited a similar value (Table 1 ). In the muscles contracting at a frequency of 60/minute there was a significant depression (P < .01) of the average CP concentration when compared to the resting group or those contracting at 12/minute.
Effect of Temperature.--Total energy stores (CP + ATP) in the muscles studied at 37°C were significantly higher (P < .01) than in vivo. There were no significant differences in average concentrations of CP, ATP or CP + ATP, in muscle diameters, or in total creatine concentrations between the muscles studied at 37CC and those studied at 26°C ( Table 1) .
Effect of Length of Contraction Period.-
The CP + ATP in muscles stimulated for 180 minutes at a frequency of 12/minute at 26°C was significantly higher (P<.01) (Table 1) than in the samples of right ventricle. There were no significant differences in average concentrations of CP, ATP, or CP + ATP between muscles stimulated at 12/minute at 26°C for 60 and 180 minutes (Table 1) .
Effects on Ultrastructure.--To determine whether the ultrastructure of the papillary muscle was altered following an extended period of isolation, three muscles were fixed in glutaraldehyde following a 3-hour period of isolation during which they were stimulated to contract at a frequency of 12/minute at 26°C. Examination of the central core of these muscles by electron microscopy revealed no abnormalities in either mitochondrial or myofibrillar structure (Fig. 1) .
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Discussion
In most investigations employing cat papillary muscle, procedures altering mechanical activity are employed. The question naturally arises whether or not the muscle's response to the procedure is limited by the availability of energy stores and whether the procedure in question alters energy stores primarily and the physiologic state secondarily. Both from studies of oxygen consumption and calculations of oxygen diffusion, Lee (12) and Whalen (13, 14) concluded that papillary muscles with diameters up to 1.2 mm could be oxygenated adequately. However, these limits were seriously questioned by Cranefield and Greenspan (15), who concluded that adequate oxygenation of cat papillary muscle exposed to 95% O 2 at 35°C in vitro could be accomplished only with muscles less than 0.64 mm in diameter when resting and less than 0.45 mm in diameter when contracting. On the basis of these rigid criteria, the papillary muscles used in most studies would be considered inadequately oxygenated. This conclusion was based on the finding that thin papillary muscles consumed more oxygen per unit weight than did thicker muscles and that stretching of the papillary muscle increased its oxygen consumption. In addition, Fisher et al. (16) found that the maximum potentiated force developed by papillary muscles was proportional to cross-sectional area in muscles up to 0.6 mm only. On the other hand, in this laboratory we have found that the maximum potentiated force of contraction in the cat's papillary muscle (at 30°C at 12/minute) is linearly related to cross-sectional area in muscles up to 1.3 mm in crosssectional area. Further, in nonpotentiated muscles, Koch-Weser (17) reported that the tension developed, corrected for muscle diameter, was independent of muscle diameters less than 1.1 mm when stimulated at a frequency of 19/minute at 38°C and less than 0.86 mm in diameter when stimulated at a frequency of 188/minute.
In the present study, the high energy phosphate stores were unchanged in papillary muscles at 26 °C contracting at a frequency of Circulation Restarcb, Vol. XXII, Ftttruary 1968 12/minute when compared to muscles resting under these conditions (Table 1 ). In addition, these stores were not reduced by increasing the temperature of the bath to 37°C. Indeed, the high energy phosphate stores in these papillary muscles studied in vitro were even higher than those found in the right ventricle studied in vivo under optimally oxygenated conditions at a heart rate of approximately 100/minute. The only previously reported concentrations of high energy phosphate compounds in feline myocardium were by Lee et al. (18) . In resting papillary muscle, they found concentrations of ATP to be 2.45 jumoles/g and of CP to be 3.89 ^moles/g, values considerably lower than those found in the present investigation.
It is also interesting to note that the CP stores found in vivo are not as high as the muscle is capable of attaining. This finding suggests that the high energy phosphate stores are balanced between energy production and energy utilization. The transfer of energy from CP to ATP and the subsequent breakdown of ATP to adenosine diphosphate and inorganic phosphate appears to serve as a feedback of intermediary metabolism, and thus this balance also serves as a regulatory function (19) . It would be anticipated that in muscles with large diameters a central core of anoxia would occur at some levels of activity, and that this would result in a decline in the ATP concentration. Indeed, this is the most probable explanation for the lower concentrations of ATP observed in the muscles studied at higher frequencies of contraction (30 and 60/minute) than in resting muscles or muscles contracting at 12/minute. On the other hand, in adequately oxygenated preparations, both in vivo and in vitro, variations in CP may reflect an increase in energy demands but ATP levels are maintained because of the favorable equilibrium toward the latter.
In papillary muscles studied under the conditions of the present study, a central core of relative hypoxia may exist, as has been suggested in some studies of oxygen consumption (15) . This relative hypoxia, however, does not seem to be sufficient to compromise the production of energy to an extent that would alter total energy stores, at least under conditions of rest or stimulation at a frequency of 12/minute. Also, no ultrastructural changes occurred under these conditions. On the other hand, the decreases in ATP stores noted above when the stimulus frequency was increased to 60/minute may reflect more severe hypoxia or anoxia.
Although the present results would suggest that the diffusion of oxygen into the papillary muscle was adequate to maintain average energy stores at levels exceeding those existing in the right ventricular muscle in vivo under the conditions noted above, the question of whether diffusion of other substrates is adequate has not been answered. It has been shown previously that acute hypoxic heart failure may be produced in dogs at a time when high energy phosphate stores are not affected by this hypoxia (4), and these undefined effects may be present in the papillary muscle having intact energy stores. On the other hand, as noted above, recent studies indicate that papillary muscles up to a diameter of 1.3 mm are not limited in their mechanical performance.
It is therefore concluded that the energy in cat papillary muscle of moderately large diameter (1.2 to 1.4 mm) isolated in vitro in the presence of 95£ O 2 is intact for at least 3 hours when stimulated at a frequency of 12/minute at 26°C. At a frequency of 60/ minute, energy stores are clearly limited, compared to resting papillary muscles or those contracting at a frequency of 12/minute, while at a frequency of 30/minute these stores are essentially identical to those occurring in right ventricular muscle in vivo, but are lower than those observed in resting papillary muscles.
EDITORS' NOTE: The Editors of Circulation Research believe that the comparisons between levels of ATP and CP in papillary muscle at rest and papillary muscle contracting at various rates and under different conditions are valid, but that comparisons between the energy stores in vitro papillary muscle and in vivo right ventricular muscle require further basic knowledge before they are meaningful.
